The cAMP response element binding protein/activating transcription factor (CREB/ATF) family of transcription factors is hormone responsive and critical for nearly all mammalian cell types. The basic helix-loop-helix (bHLH) family of transcription factors is important during the development and differentiation of a wide variety of cell types. Independent studies of the role of the bHLH protein scleraxis in testicular Sertoli cells and paraxis in muscle development using yeast-2-hybrid screens provided the novel observation that bHLH proteins can directly interact with ATF/CREB family members. Analysis of the interactions demonstrated the helix-loop-helix domain of bHLH proteins directly interacts with the leucine zipper (ZIP) region of CREB2/ATF4 to form heterodimers. The direct bHLH-CREB2 binding interactions were supported using coimmunoprecipitation of recombinant proteins. Structural analysis of bHLH and ATF4 heterodimer using previous crystal structures demonstrated the heterodimer likely involves the HLH and Zip domains and has the potential capacity to bind DNA. Transfection assays demonstrated CREB2/ATF4 over-expression blocked stimulatory actions of scleraxis or paraxis. CREB1 inhibited MyoD induced myogenic conversion of C3H10T1/2 cells. CREB2/ATF4 and scleraxis are expressed throughout embryonic and postnatal testis development, with scleraxis specifically expressed in Sertoli cells. ATF4 and scleraxis null mutant mice both had similar adult testis phenotypes of reduced spermatogenic capacity. In summary, bHLH and CREB family members were found to directly heterodimerize and inhibit the actions of bHLH dimers on Sertoli cells and myogenic precursor cells. The observations suggest a mechanism for direct cross-talk between cAMP induced and bHLH controlled cellular differentiation. Mol. Reprod. Dev. 75: 1637
INTRODUCTION
Distinct signal transduction pathways have increasingly been shown to cross-talk to allow for greater complexity and specificity in signaling. The targets for many signal transduction pathways are specific transcription factor families that act at unique DNA response elements to regulate transcription. In addition to combinatorial binding to specific response elements, direct interactions between members of different transcription factor families has been observed to integrate different pathways. The current study demonstrates that CREB and bHLH transcription factors can physically interact and link these two important transcriptional signaling pathways.
One of the best characterized signal transduction and transcriptional regulation pathways involves cAMP, protein kinase A (PKA) and the CREB transcription factor family (Montminy, 1997) . Binding of ligands, such as follicle stimulating hormone (FSH), to G-protein coupled receptors leads to the production of cAMP by activated adenyl cylase and activation of PKA. The catalytic domain of PKA then translocates to the nucleus where it activates members of the CREB/ATF transcription factor family through phosphorylation. These factors in turn direct transcription by binding as dimers to DNA at cyclic AMP response elements (CRE). An important ATF/CREB family member is CREB2, also known as ATF4, which has been shown to regulate hematopoiesis, lens and skeletal development, cellular proliferation, differentiation, and long-term memory (Ameri and Harris, 2007) . Further, aberrant overexpression of ATF4 is associated with cancer progression (Ameri et al., 2004; Bi et al., 2005) . Consistent with the diversity of biological functions, ATF4 has been reported to interact with a broad set of signaling factors. ATF4 can form homodimers and heterodimers through a basic-leucine zipper (bZip) domain with members of the AP-1 and C/EBP family of proteins (Hai and Curran, 1991) . Other factors predicted to interact with ATF4 through a non-bZip mechanism include, kinases (RSK2, NIPK ZIP, and SKIP3), transcription factors (p300, Runx2, Tax, Nrf2, RNA polymerase II subunit RPB3, and GPE1 binding protein), nuclear matrix protein Satb2, and bTrCP, the receptor component of the SCF E3 ubiquitin ligase (Ameri and Harris, 2007) . This underscores the potential for integrating signaling pathways through the physical interaction of different regulatory factors of distinct signaling pathways.
The superfamily of basic helix-loop-helix (bHLH) proteins are a well characterized set of transcription factors that can promote cell lineage determination and differentiation in a variety of cell types. These proteins are defined by the inclusion of a helix-loop-helix domain essential for dimerization and a basic domain that mediates DNA binding to a hexanucleotide sequence known as an E-box (CANNTG). Members of the superfamily have been functionally subdivided based on expression pattern and dimer partners. Class A bHLH members, including Drosophila daughterless, mammalian E12/E47, and HEB (rat homolog REBa) have relatively ubiquitous expression and form heterodimers with cell lineage restricted class B bHLH proteins. Members of the Class B proteins are expressed in almost every tissue in the organism. Better characterized members of this class include, the Twist subfamily of bHLH factors (Twist1, Twist2, scleraxis, and paraxis; Quertermous et al., 1994; Li et al., 1995; Olson et al., 1996) , the myogenic bHLH genes myf5, MyoD, myogenin and MRF4 for muscle (Davis et al., 1987; Braun et al., 1989; Edmondson and Olson, 1989) , HAND1 and HAND2 for heart (Srivastava et al., 1995; Firulli et al., 1998) , Sgn 1 for salivary gland (Yoshida et al., 2001 ), Math1 for intestine (Yang et al., 2001) , and NeuroD and neurogenin for the neural cell lineage (Ma et al., 1996) . Additional complexity of bHLH regulation occurs through homodimeric and heterodimeric interactions between specific class B bHLH proteins (Firulli et al., 2000) . For example, heterodimers of Twist1 and HAND2 are essential for normal limb development. A stoichiometric shift in the Twist1:HAND2 dimer leads to limb abnormalities associated with Saethre-Chotzen syndrome (Firulli et al., 2005) . Further regulation of the activity of bHLH proteins occurs through the formation of complexes with other transcriptional regulators such as MEF2 (Molkentin et al., 1995) and GATA4 (Dai et al., 2002) . These complexes are able to direct transcriptional activation through either MEF2 or GATA sites or E-boxes.
Recently, we have demonstrated that Sertoli cell differentiation is mediated through both the CREB and bHLH signaling pathways Skinner, 1999, 2001; Muir et al., 2005) . The ability of CREB and bHLH proteins to interact on a transcriptional level in the Sertoli cell was previously shown to involve transcriptional complexes and adapter proteins (e.g., CBP) to bridge and link bHLH dimers binding to E-box elements and CREB dimers binding to CRE Skinner, 1999, 2001) . Interestingly, many gene promoters are responsive to cAMP, but do not contain CRE elements. Observations have suggested that cAMP regulation of these genes occurred either through indirect actions of cAMP and the CREB family, or unique protein associations between CREB family members and other transcription factors resulting in binding to unique regulatory sites (Hai and Hartman, 2001; Mayr and Montminy, 2001 ). The current study investigates the integration of the cAMP responsive CREB pathway with the bHLH transcriptional pathway through potential direct interactions of these factors. Observations demonstrate that scleraxis is able to interact with ATF4 through the bHLH and bZip domains of the respective proteins. The ability to bind ATF4 was shared by paraxis, another bHLH transcription factor that has 95% sequence identity with scleraxis within the bHLH domain. Since potential direct interactions between ATF4 and scleraxis were found in the current study, the role of ATF4 and scleraxis in the testis was investigated using respective null mutant mice.
MATERIALS AND METHODS

Yeast-2-Hybrid Screens
The bait used for the yeast-2-hybrid screen contained full-length paraxis or scleraxis fused in-frame with the GAL4 DNA-binding domain . This encompasses the bHLH domain and was cloned into the pAS yeast expression vector. The PAS-bHLH construct was co-transformed into yeast with an embryonic day 10.5 mouse (i.e., paraxis) or rat Sertoli cell (i.e., scleraxis) cDNA library that contained the GAL4 activation domain fused to random cDNAs. Over 5 million primary library transformations were screened. From each individual colony, the activating plasmid was rescued and the cDNA insert was sequenced. Clones containing cDNA inserts in the antisense orientation or out-of-frame were discarded. The remaining clones were retransformed back into yeast to test binding specificity. The isolated clones had to recapitulate the interaction and could not interact with nonspecific bait. Individual clones or constructs were tested for the ability to autoactivate and if they did provide a false positive signal were discarded. Therefore, none of the bait or prey constructs used provided a false positive signal, even if activation domains were present in the constructs. The degree of bait and prey interaction used the level of activation of b-galactosidase compared to a negative control.
Cell Preparation and Culture
Sertoli cells were isolated from 20-day-old rats by sequential enzymatic digestion Skinner, 1999, 2001 ). All animal procedures and protocols were reviewed and approved by the Washington State University Animal Care and Use Committee. Decapsulated testis fragments were digested first with trypsin (1.5 mg/ml; Life Technologies, Gaithersburg, MD) to remove the interstitial cells and then with collagenase (1 mg/ml type I; Sigma Chemical Co., St. Louis, MO) and hyaluronidase (1 mg/ml; Sigma Chemical Co.). Sertoli cells were plated under serum-free conditions in 24-well Falcon plates (Falcon Plastics, Oxnard, CA) at 1 Â 10 6 cells/well. Cells were maintained in a 5% CO 2 atmosphere in Ham's F-12 medium (Life Technologies) with 0.01% BSA at 328C. Sertoli cells were left untreated (control) or treated with FSH (100 ng/ml) or dibutryl cAMP (dbcAMP; 100 mM) as previously described Skinner, 1999, 2001) . Butyrate was previously shown not to influence Sertoli cells. The cells were cultured for variable durations of treatment as indicated or for 72 hr in the absence or presence of treatments.
Transfection Procedure
Sertoli cells cultured for 48 hr were transfected with the mammalian reporter and expression vectors by the calcium phosphate method coupled with hyper osmotic shock (10% glycerol). The luciferase reporter vector contains 581 bp of the mouse transferrin (mTf) promoter. The mTf used in the present study included the transcriptional initiation site of the transferrin gene, which is 54 bp upstream of the start site of translation Skinner, 1999, 2001) . Within this 581 bp sequence is a functional E-box. Full-length scleraxis was inserted into the EcoRI site of pCMV-HA (Promega, Madison, WI). The pCMV-myc/ATF4 fusion vector was generated (Promega). Each vector (1.5 mg) was added to 150 ml of transfection buffer (250 mM NaCl, 50 mM HEPES, and 1.47 mM Na 2 HPO 4 , pH 7.05) and placed in each well of a 24-well plate containing 1 Â 10 6 Sertoli cells. Incubation occurred for 4 hr and was followed by a 3 min 10% glycerol shock. Cells were washed twice with HBSS (Gibco, Gaithersburg, MD) before adding fresh Ham's F-12. Cells were treated with dibutryl cAMP and incubated for 72 hr. Cells were lysed after 72 hr and luciferase activity determined by measuring luminescence of the cell lysates. C3H10T1/ 2 mouse fibroblasts were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal calf serum. For CAT assays, 10T1/2 fibroblasts were seeded into 60-mm-diameter dishes and the cells were transfected by the calcium phosphate method. The cells were transfected with plasmids containing Gal4E1b 5 CAT, Gal4paraxis, and ATF4. The total amount of plasmid DNA was equivalent in all transfections with the use of empty vector and transfected for 16 hr, after which the cells were rinsed in phosphatebuffered saline (PBS) to remove excess precipitate, and cells were maintained in growth medium. At 48 hr posttransfection, cells were harvested and lysates collected. The amount of protein in each sample was determined by protein assay (Bio-Rad, Hercules, CA), and chloramphenicol acetyltransferase (CAT) assays were performed with an equal amount of total protein.
Myogenic Conversion of C3H10T1/2 Cells
The procedure was completed as previously described (Wilson-Rawls et al., 1999b) . Briefly, C3H10T1/2 cells were seeded onto gelatinized plates at a density of 6.0 Â 10 4 cells/ml in growth medium (DMEM, 10% FBS) and transfected using Fugene6 (Roche BioSciences Co, Indianapolis, IN) with EMSV-MyoD, with and without CS2 þ CREB1 or CS2 þ ATF4, and CMV-EGFP as an internal transfection control. The amount of DNA transfected was maintained at a constant level with the addition of empty vector. After 24 hr, the efficiency of transfection was monitored by expression of GFP. The cells were rinsed in serum free medium and then cultured in differentiation medium (DMEM, 2% donor horse serum) and this was changed daily for 5 days. The transfected cells were fixed in cold methanol, and the expression of myosin heavy chain (MHC) was detected immunohistochemically using the MY-32 monoclonal antibody (Sigma Chemical Co.) and the histostainSP colorimetric detection kit (Zymed-Invitrogen, Carlsbad, CA). The number of MHC þve multinucleated myotubes were counted in 10 random 10Â fields per plate. The data are expressed as percent of MyoD induced myotubes, from three replicate experiments done in duplicate.
Electrophoretic Mobility Shift Assays
Coupled in vitro transcription-translation reactions were performed with 0.5 mg of each plasmid DNA and TNT reticulocyte lysates with T7 polymerase (Promega). The efficiency of translation was determined by performing duplicate translation reactions in the presence of Trans-[ 35 S] (NEN-PerkinElmer, Wellesley, MA,). As a probe, double-stranded oligonucleotides corresponding to each gene-specific E-box site was used and end labeled with [g-32 P]ATP (NEN-PerkinElmer) and T4 polynucleotide kinase (New England Biolabs, Beverly, MA). For each DNA binding reaction 2 mg of the total translation products were added to a 20 ml total reaction mixture along with 40,000 cpm of probe in binding buffer (40 mM KC1; 15 mM HEPES, pH 7.9; 1 mM EDTA; 0.4 mM dithiothreitol, 50% [vol/vol] glycerol), and 2 mg of poly(dIdC) (Pharmacia Biotech, Piscataway, NJ). Binding reactions were carried out for 20 min at room temperature, and protein-DNA complexes were analyzed on 5% 0.5X TBE polyacrylamide gels. Protein concentrations were normalized to allow equal loading on the gels. Approximately equal ratios of different proteins were used when combined.
Immunoprecipitations
In vitro translations were performed with the coupled TNT T7 transcription and translation kit (Promega). Translation products were labeled with Trans-[ 35 S] (NEN-PerkinElmer). For immunoprecipitations, 1 ml of ice-cold NTT lysis buffer (140 mM NaCl; 50 mM Tris, pH 7.5; 1 mM EDTA; 0.1% Triton X-100; 10% glycerol) containing the Complete protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN) was added to each reaction. Each immunoprecipitation received 5 ml of either anti-E12 or anti-ATF4 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and 25 ml of protein A/G-Plus agarose (Santa Cruz Biotechnology). Lysates were then incubated for 4 hr at 48C with shaking, followed by centrifugation and then three washes in NTT buffer containing inhibitors. Proteins were analyzed on 12% SDS-PAGE with Kaleidoscope prestained molecular-weight markers (Bio-Rad). Aliquots of the translation products were analyzed electrophoretically on the SDS gels to correct for loading and levels of proteins used. Gels were dried and exposed to film.
RNA Preparation and Quantitative Polymerase Chain Reaction (PCR)
Cultured Sertoli cells were lysed using TRI reagent (Sigma Chemical Co.). The lysate was passed through a pasture pipette to form a homogenous lysate. The whole tissue samples were homogenized in a tissue homogenizer in the presence of TRI reagent. The homogenate was centrifuged at 12,000g for 10 min at 48C. Total RNA was then isolated from the cell lysate and whole-tissue homogenate following the manufacturer's protocol for RNA isolation using TRI reagent. The final RNA pellet was dissolved in distilled water. Total RNA from Sertoli cells, germ cells, and peritubular cells were isolated as described earlier using TRI reagent.
A two-step real-time PCR was carried out to analyze the expression pattern of ATF4. Reverse transcription (RT)-PCR was used to generate cDNA from either hormone treated cultured Sertoli cells, freshly isolated Sertoli cells or whole testis. Total RNA (2 mg) was reverse-transcribed into cDNA in a reaction primed by oligo(dT) using MMLV reverse transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Reverse and forward oligonucleotide primers, specific to the chosen candidate genes, were designed using Primer Express 2.0 software (Applied Biosystems, Foster City, CA) as described by the manufacturer. The following primers were used: ATF4 5 0 -aag caa agc taa gcc tcc atc ttg tgc and 3 0 -aaa gga atg ctc tgg agt gga aga cag; and control ribosomal RNA (S2) 5 0 -ctg ctc ctg tgc cca aga ag and 3 0 -aag gtg gcc ttg gca aag tt. Real-time RT-PCR was performed in a 96-well plate using a 7000 ABI prism sequence detection system (Applied Biosystems). The previously synthesized cDNA was used as template. Samples from cultured Sertoli cells, freshly isolated Sertoli cells or testes were plated in triplicate PCR reactions. The PCR reaction contained 5-10 ng of cDNA, SYBR GREEN master mix (Applied Biosystems), and 100 nM of each reverse and forward primers of ATF4 in a final PCR reaction of 50 ml. Amplification parameters were: denaturation at 948C for 10 min followed by 40 cycles of 948C for 15 sec and 608C for 60 sec. Samples were analyzed in triplicate and ribosomal RNA (S2) was used as an endogenous control and for calibration curves (Muir et al., 2005) . A minimum of three different experiments, each done in triplicate, were performed.
Protein Structure Predictions
The previous crystal structures for bHLH (MyoD/E12; Ma et al., 1994) and CREB/ATF4 (Podust et al., 2001) proteins were used to build a model for bHLH/ATF4 heterodimer. Specifically, the PDB coordinates, 1MDY and 1CI6, corresponding to bHLH and CREB/ATF4, were used to predict the structure. The initial positions of two peptides were obtained through combination of superposition and the solid docking module on QUANTA (BioSYM/Micron Separations), which is based on conformational space, followed by a quick energy minimization by CNS v1.1 (Brunger et al., 1998) using potential function parameters of CHARMM19. The protein modeling was performed by the Washington State University Biomolecular X-ray Crystallography Center.
Whole Testis Microarray Analysis
Whole testis from mice of different development ages (E11.5 to P56) were collected as described (Shima et al., 2004; Small et al., 2005) . Approximately 70 embryos were processed for a single 11.5 and 12.5 dpc time point while approximately 35 embryos were utilized for the remaining embryonic time points. Testes were placed in TRIZOL reagent (Invitrogen) and total RNA collected as per the manufacturers instructions. Once purified, RNA quality was determined by electrophoresis on a denaturing agarose gel and quantified by spectroscopy at 260 and 280 nm. Biotinylated complementary RNA (cRNA) was created from the total RNA. The biotinylated cRNA was generated using an oligo(dT) primer with a T7 promoter in a reverse transcription reaction. This was followed by in vitro transcription using the MEGAScript kit (Ambion, Austin, TX) with biotinylated cytosine and uridine triphosphate. The labeled cRNA was hybridized to Affymetrix arrays (Affymetrix, Santa Clara, CA), and stained in accordance with the manufacturers protocol. The same procedure was performed to create duplicate samples for each time point. The arrays were stained and washed utilizing the Affymetrix GeneChip Fluidics Station 400 and scanned using a GeneArray Scanner 2500A (Agilent, Palo Alto, CA). The resulting data were viewed and preliminary assessment was made using Microarray Suite 5.0 (Yang et al., 2004 ) software (Affymetrix). All probe sets from each microarray were scaled to a target signal of 125. All microarray hybridization and bioinformatics procedures were performed in the Genomics and Bioinformatics Cores in the Center for Reproductive Biology at Washington State University.
Knockout Mouse Strains
A targeted null ATF4 allele was generated by replacing the second exon of ATF4 with the neomycinresistance gene (Tanaka et al., 1998) . This mutation removes the basic leucine zipper domain that is essential for the function of the protein. Mice carrying the disrupted ATF4 gene were identified using a PCR genotyping strategy (Tanaka et al., 1998; Libby et al., 2002) . A transgenic GFP reporter of scleraxis expression, ScxGFP, was generated by inserting the GFP gene at the ATG of the scleraxis gene in a 12KB genomic fragment from the scleraxis locus (Pryce et al., 2007) . A null allele of the scleraxis gene was recently generated by deleting the 1st exon that contains most of the ORF of the scleraxis gene . The experiments were carried out according to the principles and procedures outlined in the Guide for Care and Use of Laboratory Animals and were approved by the WSU Institutional Animal Care and Use Committee.
Histological Analysis
Whole testes were removed from ATF4 and scleraxis knockout and heterozygous mice, placed in 4% paraformaldehyde (PFA) for 24 hr then rinsed in 70% ethanol. Testis samples were submitted to the Washington State University histology core laboratory for sectioning at 4 mm and staining with hematoxylin and eosin. Sectioned testes were examined under light microscopy (Nikon, Melville, NY) for morphology. Whole testis from scleraxis GFP reporter transgenic mice were placed in 4% paraformaldehyde for 4 hr then transferred to 1% paraformaldehyde for 24 hr. One testis from each mouse was processed for cyrosectioning using sucrose as a cyroprotectant. Testis tissue was embedded in OTC (Miles Laboratories, Inc., Clifton, NJ) and sectioned frozen at 20 mm then analyzed using fluorescent confocal microscopy. The contralateral testis was processed for hematoxylin and eosin (H&E) staining by leaving the testis in 4% PFA for 24 hr then transferring to 70% ethanol. Testes were then submitted to the Washington State University Histology Core Laboratory for embedding and sectioning at 4 mm.
Testicular cells undergoing apoptosis were visualized by the TUNEL assay which labels fragmented DNA with digoxigenin-deoxy-UTP using terminal deoxynucleotidyl transferase, as detected by the anti-digoxigeninconjugated reporter system. Briefly, serial sections were deparaffinized, rehydrated through a series of graded alcohols and PBS, digested with 20 mg/ml proteinase K for 15 min at 378C, and washed with water. Slides were rinsed with PBS, covered with a coverslip and evaluated under fluorescence microscopy (Nikon). Visualization of apoptotic cells was performed using fluorescent microscopy with a Nikon Eclipse E800 microscope (Nikon).
The number of apoptotic cells was normalized to total tubule number per testis. At least three knockout mice and heterozygous mice with a minimum of three crosssections per testis were utilized for the assay. Germ cell nuclear antigen (GCNA) staining was performed on testis sections from ATF4 and scleraxis knockout and heterozygous mice as previously described (Cupp et al., 2002) . Briefly, serial sections from testes were deparaffinized and rehydrated through a series of alcohol washes. Sections were boiled in sodium citrate for 10 min to quench endogenous peroxidase activity then blocked in 10% serum for 30 min at room temperature. Primary GCNA antibody was diluted 1:10 in 10% goat serum, added to slides, which were then placed in a humidified chamber, and incubated at 48C for 16 hr. Slides were rinsed in PBS and biotinylated goat anti-mouse secondary antibody (1:200; Vector Laboratories, Burlington, CA). This was allowed to incubate at room temperature for 2 hr and secondary antibody was detected using the Histo-stainSp kit (Zymed Laboratories, San Francisco, CA). In each experiment, three serial sections of testis from at least three animals were analyzed.
Statistical Analysis
The values were expressed as the mean AE SEM of at least three representative cross-sections. Differences between means were determined using paired comparison Student's t-test. Groups were considered significantly different at a P-value of 0.05.
RESULTS bHLH and CREB Family Member Interactions
A yeast-2-hybrid screen was performed using a testicular Sertoli cell library and scleraxis as bait. Thirteen independent clones of ATF4 of varying lengths were identified from the screen. A yeast-2-hybrid screen was also performed using an E10.5 mouse cDNA library and paraxis as bait. Approximately 10% of the sequenced colonies were ATF4. Not all of the ATF4 clones identified in the embryo library were full-length, but all included the bZIP domain, Figure 1A . The shortest clone is restricted to the C-terminal region of the protein that encompasses the bZIP domain, suggesting that the interactions between paraxis and ATF4 are mediated by this domain. However, some C-terminal region outside the bZIP domain (200-300) was also present and needs to be considered in the interpretation of the interaction observed. Analysis of ATF4 mutants (Ord and Ord, 2003) in a yeast-2-hybrid assay also demonstrated that the C-terminal region is necessary for this protein to interact with scleraxis, Figure 1C . The C-terminal ATF4 clone containing the bZIP domain was used as a prey to study the region of paraxis that mediates the interaction. When challenged with paraxis deletion mutations, it was found that the bHLH domain was sufficient for the interaction with the C-terminal region of ATF4 (Fig. 1B) . A similar experiment with scleraxis was performed and demonstrated the bHLH domain was involved in the interaction with ATF4 (data not shown).
These results suggest binding of these proteins appears to be mediated by a novel bZIP/bHLH interaction, Figure 1 .
To determine whether the interaction between ATF4 and scleraxis or paraxis represents a unique event or something shared between bZip and bHLH proteins, we used the yeast-2-hybrid system to test the ability of a broader set of bHLH proteins to bind to ATF4 and the highly related CREB1 protein, Table 1 . In this yeast-2-hybrid screen both growth on amino acid selection plates and levels of b-galactosidase activity were examined. ATF4 was found to interact with scleraxis, MyoD, ITF2, and Id2, but not with E47, Previous studies demonstrated that interactions between CREB and bHLH factors were mediated by adaptor proteins such as CBP/p300 Skinner, 1999, 2001 ), yet the yeast-2-hybrid data suggests the potential ability of CREB and the bHLH proteins to directly interact. In order to confirm a direct interaction between ATF4 and paraxis the proteins were Molecular Reproduction and Development truncations that were identified in the initial yeast two hybrid screens along with full-length ATF4. Y49 which contains the bZIP motif was used as a bait with paraxis mutants. B: Paraxis mutants containing the bHLH domain (G4 paraxis) interactions with the Y49 ATF4 construct were assessed. E12 was used as a control to verify that the interaction with ATF4 is specific for the bHLH domain of paraxis. C: ATF4 mutants (Ord and Ord, 2003) containing the bZip region (m1 and m2) lacking the bZip region (m3 and D7) and interactions with scleraxis were assessed. Data are from three separate experiments with three replicates per experiment.
expressed using coupled transcription/translation reactions in reticulocyte lysates in the presence of Trans-[ 35 S] and then immunoprecipitated with antibodies that recognize either E12 or ATF4. By using coupled in vitro transcription/translation to express the proteins, other adapter proteins and co-factors are not likely present and therefore cannot be involved in complex formation. There is a possibility that a nonspecific adaptor protein from the reticulocyte lysate may be present, but no other 35 S-labeled protein was present. In Figure 2C , paraxis is expressed as two bands (lane marked paraxis), this lane is total translation products. Neither paraxis nor scleraxis form homodimeric structures that can bind DNA. Paraxis is known to form a complex with E12 , and when co-translated with E12 and immunoprecipitated using an anti-E12 antibody both proteins were detected (Fig. 2B , compare E12 and paraxis with E12/paraxis). Similarly, when paraxis and ATF4 were expressed in reticulocyte lysates they also co-immunoprecipitated with an anti-ATF4 antibody, indicating that these proteins form a protein complex (Fig. 2D , compare ATF4 with ATF4/paraxis). Similar observations were made with scleraxis and the scleraxis/ATF4 co-immunoprecipitation (data not shown). To control for equal levels of translation and loading, samples of the total translation products were Molecular Reproduction and Development 
A (þ) in the -leu, -trp, -his, -ade (-LTHA) column represents growth of yeast on amino acid selection plates. A (þ) in the b-galactosidase activity column represents a minimum of twofold increase in activity, (þþ) represents a minimum of fourfold increase in activity, and (þþþ) represents a minimum of sixfold increase in activity as compared to the negative control (ATF4 (bait) and pSV40 (prey)). The negative control is the baseline set at 1. Data are representative of a minimum of three different experiments. taken before immunoprecipitation and demonstrated to contain approximately equal amounts of ATF4, E12, scleraxis, and paraxis in the lysates (data not shown). In addition, no nonspecific binding was detected in the immunoprecipitates, which had no translation product or lack of primary antibody (data not shown). Paraxis (Fig. 2F) could not be directly precipitated with the antibody to E12 or ATF4 (Fig. 2F-H) . Taken together these data indicate that the CREB and bHLH proteins appear to form a heterodimer in the absence of adapter proteins.
Structure Considerations for the bHLH/CREB Heterodimer
Based on the experimental data, dimerization occurs specifically through the bHLH and bZIP domains of the two proteins (Fig. 1) . The presence of basic domains in both the bHLH and ATF4 suggests the heterodimer may have the capacity to bind DNA. Previous crystal structures for ATF4 (Podust et al., 2001 ) and bHLH proteins ) were used to model the predicted structure of the heterodimer, Figure 3 . The backbones of two modeled a-helices did not change significantly and clearly showed properly oriented DNA binding arms. All residues in the interface are within potentially interacting distances to each other (Fig. 3D ) and the DNA oligomer can fit into the basic domains. The predicted structure does have an arrangement of the basic domains, which suggests a potential active DNA binding capacity. The proposed heterodimeric structure now needs to be confirmed with other approaches, such as X-ray crystallography or NMR.
Functional Role of bHLH and CREB Family Member Interactions
The functional significance of the bHLH and CREB2/ ATF4 heterodimers was examined in testicular Sertoli cells isolated from 20-day-old rats and cultured. We have previously demonstrated that transferrin transcription during Sertoli cell differentiation is responsive to cAMP signaling through a CRE element and scleraxis Skinner, 1999, 2001) . A reporter construct containing the transferrin promoter upstream of luciferase was transfected into Sertoli cells and tested for scleraxis and cAMP specific transcription. The basal level of transferrin promoter activity can be stimulated by cAMP treatment, Figure 4A . Scleraxis was found to increase both basal and cAMP stimulated luciferase activity through this promoter. Expression of ATF4 alone reduced the cAMP stimulated levels of the reporter, Figure 4A . Interestingly, when ATF4 was co-expressed with scleraxis both the basal and cAMP stimulatory actions of scleraxis were significantly inhibited. Dose curves with increasing or decreasing concentrations of the ATF4 expression construct were used to identify the optimal concentrations used in the current study and revealed approximately equal ratios of expression products were required (data not shown). Similar results were obtain when examining transcription regulation of paraxis. A paraxis/Gal4 DNA binding domain fusion protein can induce transcription from the Gal4-CAT reporter in C3H10T1/2 cells with an 11.5-fold stimulation over background, Figure 4B . Cotransfection of ATF4 with the paraxis fusion protein significantly inhibited CAT transcription. These data predict a role for ATF4 in inhibiting transcriptional activation by scleraxis and paraxis, Figure 4 .
Inhibition by ATF4 may occur by forming a protein complex that is unable to bind to E-boxes in the promoters. MyoD was found to directly interact with ATF4 and CREB1 (Table 1) , the effects of ATF4 and CREB1 expression on MyoD induced myogenic conversion of C3H10T1/2 cells was examined (Wilson-Rawls et al., 1999b; Fig. 5 ). C3H10T1/2 cells can be induced to differentiate in the presence of MyoD, and transfection of these cells with MyoD effectively induced the formation of myotubes (Fig. 5) . The expression of ATF4 or CREB1 alone did not induce myotube formation (Fig. 5D,E) . Interestingly, the co-expression of CREB1 with MyoD was found to significantly inhibit myotube formation (Fig. 5) . Although, ATF4 had a small inhibitory effect on MyoD actions, this was not statistically significant. Therefore, CREB1 inhibits the ability of MyoD to induce myotube formation in culture, which supports the above differentiation marker reporter gene data (Fig. 4) .
Observations suggest CREB1 and ATF4 may block the ability of specific bHLH proteins to bind to E-boxes in the promoters. Therefore, electrophoretic mobility gel shift assays (EMSA) were done using in vitro translated Molecular Reproduction and Development proteins and an E-box probe to determine if paraxis or scleraxis can bind DNA in the presence of ATF4. Neither paraxis nor scleraxis will bind E-boxes as homodimers, they bind as heterodimers with the ubiquitous class A bHLH proteins such as E12. In contrast, E12 will bind Eboxes as a homodimer . The proteins were translated using reticulocyte lysates and added to EMSA reactions, equal amounts of protein were loaded in all lanes and gel shifts, with approximately equal ratios of different proteins present. Using an end-labeled INS-1 E-box that is bound by a paraxis/ E12 heterodimer it was found that formation of the complex was blocked in the presence of ATF4 (Fig. 6A ). Paraxis and E12 preferentially form a heterodimer when co-translated (Fig. 6A) . However, when ATF4 was co-translated with paraxis and E12, an E12 homodimer complex was present in the EMSA, indicating that ATF4 had displaced E12 from a heterodimer with paraxis. Similarly, scleraxis/E12 heterodimers also were inhibited from binding the scleraxis E-box in this assay by ATF4 (Fig. 6B ). Thus these data indicate that ATF4 displaced E12 and formed a complex with paraxis and scleraxis and this blocked binding of the E-box.
The hormonal regulation of scleraxis and ATF4 were compared to further investigate the interactions between bHLH proteins and ATF4 in Sertoli cells. A previous study demonstrated both FSH and cAMP induced a transient increase in scleraxis expression at 2-4 hr after treatment, then subsequently declined to basal levels (Muir et al., 2005) . Therefore, scleraxis appears to be an early event gene in the actions of FSH on Sertoli cells (Muir et al., 2005) . In contrast, analysis of ATF4 expression in Sertoli cells demonstrated FSH has no effect on ATF4 mRNA levels at any treatment duration for 24 hr, Figure 7 . The cAMP stimulation was only observed after 24 hr of treatment in contrast to the regulation of scleraxis, Figure 7 . These data regarding ATF4 regulation was extended with a microarray analysis of Sertoli cells after 72 hr of treatment with FSH versus cAMP. Again FSH had no effect on ATF4 mRNA levels and cAMP increased ATF4 expression levels at the 72 hr treatment duration (data not shown). Therefore, scleraxis and ATF4 appear to have a distinct relationship in regards to the hormonal (i.e., cAMP) regulation of Sertoli cells, with scleraxis being an early event responsive gene and ATF4 being a later responding gene, Figure 7 . The inhibitory actions of Molecular Reproduction and Development with ANOVA with P < 0.05. B: Expression of paraxis and/or ATF4 in cultured muscle/neuronal progenitor cells. The effect of ATF4 on the ability of paraxis to transactivate a heterologous reporter was tested using transfected 10T1/2 cells and the GAL4E1b 5 CAT promoter. Data are mean AE SEM from three separate experiments with three replicates per experiment. A significant difference was observed between paraxis and ATF4, as well as paraxis and paraxis þ ATF4 at P < 0.01 by Student's t-test.
ATF4 may allow for a negative feedback on bHLH actions induced by hormones.
Developmental and Functional Role of ATF4 and Scleraxis in the Testis
Since the data indicated a potential regulatory relationship between scleraxis and ATF4 during Sertoli cell differentiation, relative levels of gene expression were measured with a microarray analysis. Testis development microarray data were used to determine the relative expression of scleraxis from embryonic day 11.5 (E11.5) through postnatal day 56 (P56), Figure 8 . During the embryonic stages of Sertoli cell development, expression of scleraxis increases from E11.5 to E14.5, correlating to the proliferation of Sertoli cells during this period. This trend of increased expression continues through the later postnatal period of Sertoli cell proliferation where expression of scleraxis increases approximately fourfold between postnatal days 0-10. ATF4 is expressed in all cell types of the testis and its relative expression, as seen by microarray analysis, is relatively constant during mouse testis development, Figure 8 .
Scleraxis plays a known role in tendon differentiation in the developing fetus but until recently had not been identified in the adult testis. Northern blot analysis revealed that the expression of scleraxis in the testis is limited to Sertoli cells (Muir et al., 2006) . A transgenic mouse model has been developed where GFP expression is driven by the scleraxis promoter (Pryce et al., 2007) . Observations confirm the results of Muir et al. (2006) and show expression of scleraxis is limited to Sertoli cells in the testis, Figure 9 . Since the Sertoli cells are critical for normal testicular development both pre-and postnatally, histological analysis of testis cross-sections from ATF4 and scleraxis knockout adult mice was performed. It has previously been determined that ATF4 knockout mice are infertile due to an obstruction of the vas deferens (Fischer et al., 2004) . Sections of adult 65-day-old mouse testis from ATFþ/À and ATF4À/À males were analyzed, Figure 10 . ATF4þ/À males are fertile and testis appear morphologically normal. Seminiferous tubules of ATF4 À/À males contain vacuoles and the lumen appear to have fewer spermatozoa as compared to the ATF4 þ/À mice (Fig. 10) . There was variation in the observed defects of the ATF4 À/À mouse seminiferous tubules. Some mice appeared to have almost normal spermatogenesis, as was found by Fischer et al. (2004) , while others were almost completely devoid of spermatogenesis with a dramatic increase in the number of vacuoles in the seminiferous tubules (Fig. 10) . Sections of 65-day-old mouse testis Molecular Reproduction and Development . This E-box can be shifted by E12/E12 or E12/paraxis dimers. In the presence of ATF4, there is a decrease in the E12/paraxis complex, and a reappearance of the E12 homodimer complex. An ATF4/ paraxis complex does not appear. B: EMSA done with the scleraxis E-box. This E-box from the scleraxis promoter is bound by a scleraxis/ E12 heterodimer. E12 will not shift this E-box as a homodimer. E12/ scleraxis dimers shift this E-box and this was abolished in the presence of ATF4. RL is unprogrammed reticulocyte lysate. Equivalent amounts of each protein were used and ratios of two proteins were comparable. Data are representative of a minimum of three different experiments.
from scleraxis À/À and scleraxis þ/À males were analyzed. GFP expression driven by the scleraxis promoter demonstrated the localization of scleraxis in both the null and heterozygote testis in Sertoli cells, Figure 9A ,B.
Histological analysis demonstrated testis of scleraxis À/À mice appear to have reduced spermatogenesis, some tubules with no spermatogenic cells and some vacuolization occurring within the seminiferous tubules when compared to scleraxis þ/À (Fig. 9C,D) . Some tubules also had no lumen and the testis were also smaller in the scleraxis À/À mice. Similar results are seen with the ATF4 À/À mouse testis (Fig. 10A-D) . Histological analysis of ATF4 À/À mice indicates a range of defects from seminiferous tubules containing large vacuoles and almost being devoid of spermatogenesis to seminiferous tubules that appear almost histologically normal (Fig. 11 ). An apoptosis (i.e., TUNEL) assay was performed on the testis crosssections from 65-day-old ATF4 þ/À and ATF4 À/À testis to determine if there was a difference in the number of cells with DNA fragmentation. There was no difference in the number of apoptotic cells between ATF4
À/À and ATF4 þ/À testis (data not shown). Since histological analysis of ATF4 À/À mice indicated a range of phenotypic variation, an immunocytochemical analysis for the germ cell marker GCNA was performed to assess total germ cell numbers between ATF4
À/À and ATF4 Figure 11 . Therefore, the germ cell apoptosis required to create the vacuoles likely occurred prior to the adult stage testis analysis. The limited availability of scleraxis adult knockout homozygous animals and sections prevented a similar analysis of apoptosis and GCNA staining.
DISCUSSION
The ability of bHLH and CREB/ATF proteins to interact was initially observed through promoter analysis when E-box and CRE elements were found to be Molecular Reproduction and Development important for gene expression (Winter et al., 1993; Skinner, 1999, 2001) . These interactions were indirectly mediated by adaptor/linker proteins such as CREB binding protein (CBP/P300) that has the ability to bind both bHLH and bZip domain proteins. These protein complexes allowed the bHLH and CREB proteins to indirectly interact, but did not integrate the transcriptional pathways. These observations were extended through the demonstration of specific protein complexes involving bHLH dimers with bZip protein dimers (Kuras et al., 1997; Kurschner and Morgan, 1997) . A tetrameric complex of a bHLH dimer and bZip dimer was observed (Kurschner and Morgan, 1997) , as well as complexes containing additional proteins that influenced binding specificity to E-box elements (Kuras et al., 1997) . More recently direct interactions using recombinant proteins and co-immunoprecipitations, as used in the current study, have demonstrated direct interactions of CREB1 and MyoD (Kim et al., 2005) . The current study extends this observation to different members of the bHLH and CREB families. As shown with the EMSA, neither Molecular Reproduction and Development paraxis nor scleraxis can homodimerize. Therefore, a tetrameric complex of the bHLH and CREB would not be possible. The possibility of a dimeric ATF4 and monomeric bHLH complex could not be excluded, but the structural analysis data presented did not support this as the optimal conformation. In contrast, the structure analysis suggests the heterodimeric structure involving the bHLH and bZip domains is optimal, Figure 3 . The gel shift data also demonstrate the ability of ATF4 to disrupt the bHLH-E12 heterodimer to apparently form an ATF4-bHLH heterodimer. Observations suggest a heterodimeric structure involving bHLH and CREB family members is possible and the structure of the heterodimer has a potential DNA binding capacity.
The CREB and bHLH heterodimer can integrate these two transcriptional control pathways. Members of the bHLH family and CREB/ATF family differentially interact with each other to form specific heterodimers. The bHLH proteins scleraxis and paraxis are important for somite development and proper segmentation of somite derived tissues, as well as chondrocyte and tendon development Wilson-Rawls et al., 1999a) . Paraxis is restricted to muscle and heart in the adult . Recently, scleraxis has been shown to be present in a variety of adult tissues, including the testicular Sertoli cell (Muir et al., 2005) . Both scleraxis and paraxis were found to interact with ATF4. Co-immunoprecipitation of recombinant proteins, the yeast-2-hyrbid interaction assays, protein structural analysis and gel shift analysis all suggested scleraxis or paraxis and ATF4 directly interact. Several of the procedures utilized do have limitations. The rabbit reticulocyte lysate used to generate the recombinant proteins for co-immunoprecipitation could contain proteins that could foster protein-protein interactions. In addition, the yeast cells used in the yeast-2-hybrid assays could potentially contain proteins that may bridge protein-protein interactions. Although these limitations need to be considered in any data interpretations, the combined data from the different procedures, including the structural analysis, strongly indicate a direct heterodimerization of the bHLH and bZip proteins. ATF4 also interacted with ITF2, MyoD, and Id2, but not E47 or E12. Interestingly, CREB1 and MyoD or ITF2 also form complexes, but none of the other bHLH proteins tested interacted with the ATF/CREB proteins. Therefore, specific complexes between bHLH and CREB family members appear to form, suggesting potential unique functions and integration of the two transcriptional control pathways. Future studies will require the functional analysis of various potential heterodimers.
Analysis of the hormonal regulation of scleraxis and ATF4 expression in Sertoli cells demonstrated different responses between the two. As hormones and cAMP pathways promoted an early event response in scleraxis expression, a delayed late response is seen for ATF4. One possible interpretation is that hormones such as FSH act through a cAMP pathway to initiate a scleraxis/ bHLH mediated transcriptional event as an early response (e.g., 2-4 hr) to initiate cellular differentiation. This is then followed by a delayed response in ATF4 expression that inhibits the scleraxis/bHLH E-box mediated transcription and promotes a downstream response with the scleraxis/ATF4 heterodimer. This distinct hormonal response between bHLH and CREB factors could provide a novel mechanism for negative feedback events and/or provide a link for a cascade of transcriptional events leading to cellular differentiation. Further elucidation of the interactions between bHLH and CREB factors through heterodimerization will provide insights into the molecular endocrinology of cellular differentiation.
The functional data presented suggests that the bHLH-ATF4 interaction inhibits binding to the E-box and suppresses the activity of bHLH proteins. The reporter systems used in the current study were inhibited by ATF4, but the bHLH-ATF4 complex may activate an alternative response element that remains to be identified. CREB1 can inhibit MyoD directed differentiation of 10T1/2 cells in culture. Interestingly, ATF4 and MyoD interacted in the yeast-2-hybrid assay, but in the functional assay ATF did not significantly inhibit MyoD. This may reflect a difference in affinity of the various heterodimers or functional differences. Previous observations have shown that CREB family members can form heterodimers with other classes of bZIP containing transcription factors such as fos and jun (Hai and Curran, 1991; Hai and Hartman, 2001) , and the CNC-bZIP protein Nrf2, and these heterodimers bind unique response elements (Hai and Curran, 1991; He et al., 2001 ). The myogenic bHLH factors have also been shown to form complexes with MEF2 proteins and with GATA factors and are able to activate promoters through either E-boxes or MEF2 (Molkentin et al., 1995) or GATA sites (Kim et al., 2005) . Therefore, the bHLH-ATF4 heterodimer provides a possible alternate transcriptional control mechanism for these two transcription factor family members. Although the potential unique response element remains to be identified, the observations made in the current study demonstrates these two transcription factor families can regulate each other.
The inhibitory actions of ATF4 on scleraxis and paraxis is consistent with observations that cAMPdependent PKA blocks myogenic differentiation induced by myf5, MyoD, and myogenin (Li et al., 1992; Winter et al., 1993) . These previous studies noted that PKA did not directly affect the bHLH proteins and proposed a mechanism of repression in which activation of CREB was indirectly targeting the E-box (Li et al., 1992; Winter et al., 1993) . The formation of a bHLH-ATF/ CREB heterodimer could provide a mechanism for this inhibitory action of cAMP-dependent PKA on bHLH induced cellular differentiation. The specific mechanistic interactions between the CREB and bHLH pathways, the role of phosphorylation, actions of specific heterodimers, and function of potentially novel response elements remains to be elucidated. However, the ability of the bHLH and CREB families of transcription factors to directly interact adds a novel integration not previously considered.
The current study demonstrates the capacity of CREB and bHLH family members to directly interact and influence cellular differentiation. As with many developmentally important pathways and molecules, expression constructs are required to establish an in vitro model to study the system. This experimental limitation needs to be taken into account in extrapolating the current in vitro observations to in vivo physiological considerations. To address this issue an in vivo analysis of ATF4 and scleraxis null-mutant knockout testis was performed. Initially a microarray analysis of whole mouse testis was assessed to investigate the expression pattern of scleraxis and ATF4 from E11.5 through postnatal day (P) 56. Scleraxis expression in the testis is known to be specific to the Sertoli cell (Muir et al., 2006; Fig. 9 ) while the expression of ATF4 is ubiquitous (unpublished observation). During testis development, scleraxis expression increased approximately fourfold during the time of Sertoli cell proliferation and declined when germ cell number increased. Therefore, the decrease in expression of scleraxis in whole adult testis is due to the increased number of germ cells. ATF4 expression during this same time stayed relatively consistent.
Morphological analysis of ATF4 and scleraxis nullmutant knockout mouse testis revealed a range of defects associated with a lack of either gene. ATF4 À/À testis are infertile (Fischer et al., 2004) and histology revealed the process of spermatogenesis is disrupted. The vacuoles that are present in the seminiferous tubules of the ATF4 À/À male mice suggest a decrease in germ cell development and number. The presence of vacuoles in the seminiferous tubules is due to a spermatogenic cell defect and germ cell loss. No difference in the number of apoptotic cells was found between the ATF4 À/À and ATF4 þ/À testis. Since there is not a decrease in the number of apoptotic germ cells in the testis, the number of germ cells was assessed. GCNA analysis was performed on testis cross-sections from ATF4 À/À and ATF4 þ/À mouse testis. The difference in the number of germ cells between the ATF4 À/À mice with the phenotype containing seminiferous tubules full of vacuoles is readily apparent. There are very few germ cells being produced in these mice and many tubules appear to be completely devoid of spermatogenesis (Fig. 11) . In contrast, the ATF4 À/À mice with the mild phenotype have small pockets within the seminiferous tubules that are devoid of spermatogenesis. The difference in the phenotypes of ATF4 À/À mice indicates a difference in the stage of germ cell loss and suggests a defect in the Sertoli cell rather than a direct germ cell defect. Therefore there is either a loss of germ cells prior to the analysis or the rate of spermatogenesis is decreased resulting in fewer total cells. The scleraxis À/À testis phenotype data was similar to the ATF4 À/À with an increase in seminiferous tubule vacuoles and a spermatogenic cell defect. More extensive analysis of the scleraxis À/À testis was not preformed. Observations suggest the ATF4 À/À and scleraxis À/À testis phenotypes are similar.
The observations presented that specific bHLH and CREB family members appear to heterodimerize to potentially regulate gene expression adds a unique complexity and specificity to the transcriptional regulation of cellular function and differentiation. The current study suggests these heterodimers may have a critical role in the integration of bHLH and CREB transcriptional regulation pathways. For example, there are both CRE and E-box elements in the transferrin and follistatin promoters (Chaudhary and Skinner, 1999; Iezzi et al., 2004) . Both of these promoters are up-regulated in an additive fashion by bHLH and CREB factors. The presence of the bHLH antagonist Id1 suppresses both E-box and CRE mediated transcription, suggesting promoter activation is dependent on potential interactions between bHLH and CREB activators (Iezzi et al., 2004; Chaudhary et al., 2005) . These observations are consistent with the heterodimerization observations presented in the current study. Future studies will need to investigate the functional role of specific heterodimers between different bHLH and CREB family members. Analysis of testis development indicates a role for both CREB2/ATF4 and scleraxis in Sertoli cells and in the maintenance of normal spermatogenic cell capacity. The observations presented in the current study demonstrate the ability of these two different transcription factor families to potentially heterodimerize and integrate the transcriptional signaling pathways.
